ABSTRACT During the course of multi-stage incubation, small locational differences in incubation temperature within a machine are not uncommon and so the goal of this study was to study the immune response of ducklings exposed to thermal manipulation during incubation. Commercial Pekin duck eggs (n = 200) were distributed among four treatment: SS-Control (37.5
• C from embryonic day [ED] 1 to 25); SS-LPS (37.5
• C from ED1 to 25 + LPS at D0 [hatch] ); HH-LPS (38
• C from ED1 to 25+ LPS at D0); SH-LPS (37.5
• C from ED1 to 10 and 38
• C from ED 11 to 25 + LPS at D0). At D0, ducklings received a lipopolysaccharide (LPS) injection. At D1 and D5, the HH-LPS treatment significantly reduced body weight (P ≤ 0.05). At D1 and D3 post-LPS injection, the SH-LPS and HH-LPS treatments significantly reduced splenic and bursal heat shock protein 70 (HSP70), mRNA abundance, and macrophage nitric oxide production compared with the SS-LPS treatment (P ≤ 0.05). At D1, the HH-LPS and SH-LPS treatments had increased splenic IL-10 mRNA and lower MHC I mRNA compared with the SS-LPS treatment (P ≤ 0.05). At D1, the HH-LPS treatment increased splenic IL-6 mRNA and bursal IFNγ mRNA transcription while the SH-LPS treatment reduced splenic IL-6 mRNA compared with the SS-LPS treatment (P ≤ 0.05). The HH-LPS treatment reduced thymocyte proliferation efficiency, while at D1, D3, and D5, the SH-LPS treatment increased thymocyte proliferation efficiency compared with the SS-LPS treatment (P ≤ 0.05). Ducklings in the HH-LPS treatment had a higher splenic CD8 + /CD4 + ratio compared to the SS-LPS treatment at D3 post-LPS injection (P ≤ 0.05). In summary, the HH-LPS treatment compromised immunocompetence via decreased NO production and thymocyte proliferation efficiency, while the SH-LPS treatment increased body weight and thymocyte proliferation and reduced IL-6 mRNA abundance. This suggests that an embryonic temperature stress during the latter half of incubation may prime the immune system which may be beneficial during secondary post-hatch inflammatory challenges.
INTRODUCTION
Optimizing the hatchability of fertile eggs and achieving good quality hatchlings can be influenced by many factors including the incubation environment (Kamanli et al., 2010; Weis et al., 2011) . Increased de novo heat production by Pekin duck embryos during the latter phase of incubation can increase embryonic temperatures and lead to embryonic heat stress. This can be exacerbated in commercial multi-stage incubators that may have less precise temperature regulatory controls due to multi-age embryos. Ultimately, it is the internal egg temperature rather than air temperature that effects embryonic development (Joseph et al., 2006) . The optimum incubation temperature should range from 
37
• C to 38 • C (Hulet et al., 2007) but age of the embryo and incubator location can result in egg shell temperatures (EST) that can fluctuate by as much as 5
• C (Lourens, 2001) .
Mild heat stress can upregulate heat shock protein (HSP) 70 transcription in avian embryos (Young et al., 2009; Shanmugasundaram et al., 2018) . Increased HSP70 production induced by a mild stress can result in protection against subsequent challenges and this is often called "stress tolerance" (Minowada and Welch, 1995; De Maio, 1999) . Previous research suggests that HSPs can play a protective role against bacterial challenges such as endo-toxemia (Hotchkiss et al., 1993) and sepsis (Ryan et al., 1992) , while in vitro studies have shown HSP may be partially protective against apoptosis (Mosser et al., 1997) .
Lipopolysaccharide (LPS) is a cell wall constituent of Gram-negative bacteria that induces inflammatory and immune-stimulatory responses in different cell types including macrophages and monocytes (Blackwell and 722 Christman, 1997 ). An LPS challenge, while not a "true" bacterial challenge, can initiate a similar response although it is generally reduced and of a shorter magnitude than an actual bacterial challenge (Sandberg et al., 2007) . LPS activates several signal transduction pathways leading to the transcription of many genes involved in the inflammatory process including interleukin-6 (IL-6), IL-1β via nuclear factor-κB (NF-κB; Ding et al., 2001) , and nitric oxide (NO) production.
There are several reports in the literature that used varying periods of thermal manipulation (TM) during embryogenesis and reported an improvement in the heat stress response of chicks later in life. These studies included continual increases in temperature (39.5
• C) from ED16-19 (Collin et al., 2007) ; intermittent (12 h) versus continuous temperature increases (24 h) from ED 7 to 16 (Piestun et al., 2008) ; intermittent 39.5
• C exposure for 3, 6, 12, or 24 h/ day from ED 16 to 18 (Collin et al., 2005) ; and intermittent 39.6
• C for 6 h/day from ED 0 to 8 and ED10 to 18 (Yalcin and Siegel, 2003) . Piestun et al. (2008) suggested that embryonic TM induces epigenetic modifications needed for longer term regulation of body temperature. Ducklings incubated at 35
• C incubation temperature have also been reported to have a decreased antibody response to new antigens post-hatch which suggested that incubation temperature could influence the immune response of ducklings' post-hatch (DuRant et al., 2012) .
There have also been reports on the effect of heat stress on the immune response post-hatch and in general these studies suggest an immunosuppressive effect in both broilers and laying hens. For example, heat stress reduced the relative weight of the thymus and spleen in laying hens (Ghazi et al., 2012) and reduced lymphoid organ weights in broilers (QuinteiroFilho et al., 2010) and Pekin ducks (Quinteiro-Filho et al., 2010; Liu et al., 2013) . Yang et al. (2011) suggested that the heat stress-induced immunosuppression could lead to a diminished vaccination response and increase flock mortality.
As alluded to above, however, thermal challenges may not always be immunosuppressive and could potentially facilitate positive post-hatch responses depending on the duration and magnitude of heat exposure. The timing of initial and subsequent immunologic stress responses was addressed in an excellent review by (Dhabhar, 2009) . In chickens, it was reported that stress can increase the resistance to Eimeria necatrix (Gross, 1976) , Escherichia coli (Gross and Colmano, 1969) , and Staphylococcus aureus (Larson et al., 1985) . Shanmugasundaram et al. (2018) observed that embryonic TM (38
• C versus 37.5 • C) from ED 11 to 21 increased HSP70 in duck embryos at ED 25. These authors hypothesized that increased HSP70 at ED25 induced by TM during embryogenesis could potentially modulate the response to an inflammatory challenge post-hatch. This study was subsequently conducted to investigate the effects of embryonic TM on the response of post-hatch ducklings to a secondary inflammatory stimulus.
MATERIALS AND METHODS
All animal protocols were approved by the Institutional Animal Care and Use Committee at The Ohio State University.
Incubation From ED0 to E10
Fertile Pekin duck eggs (n = 200) from a 34-wk-old breeder flock were obtained from a commercial duck company (Maple Leaf Farms, Leesburg, IN) and incubated at the OARDC Poultry Research Farm. Two incubation temperature treatments were used and these were designated as standard (S; 37.5
• C) or high (H; 38
• C) relative to the industry standard temperature. Eggs were placed in one of two Natureform incubators set at either the S (37.5
• C) or H (38 • C) temperature settings (Natureform, Jacksonville, FL, USA). For the incubator set at the S temperature, 120 eggs were divided among 12 setter trays with 10 eggs/tray. For the incubator set at the H temperature, 80 eggs were divided among six setter trays (n = 6) with 13 or 14 eggs/tray. Each tray was considered a replication, similar to what was described previously (van der Pol et al., 2013; Shanmugasundaram et al., 2018) . Incubation temperature was regulated by thermistors connected to microprocessors with a temperature sensitivity of ±0.05
• C. Humidity was set at 56% relative humidity (RH) and was controlled using humidity sensors. Infrared thermometers were placed in each incubator tray to monitor temperature. Incubation temperature and humidity levels were logged daily. EST were measured at ED10.
Incubation From ED11 to ED25
At ED10, all eggs were candled and infertile eggs or eggs with dead embryos were removed. Six out of the 12 trays from the initial S treatment were kept at the S temperature and the other six trays were switched to the incubator set at the H temperature. The six trays in the H incubator between ED1 and 10 were kept in the H incubator. This resulted in three incubation treatments, SS (37.5
• C from ED1 to 25), SH (37.5
• C from ED1 to10, and 38 • C from ED 11 to 25), and HH (38
• C from ED1 to 25) with six replications per treatment. EST were measured at ED10 and ED18.
Incubation From ED25 to Hatch
On ED25, eggs from each treatment were transferred to six hatching baskets per treatment (n = 6) in a hatcher set at 37.0
• C and 70% RH. The approximate time of hatch was recorded for each incubation treatment. Non-hatched eggs were opened at ED 28 and the number of infertile eggs or dead embryos was determined. At the time of hatch, ducklings from each hatch basket were weighed.
LPS Injection
On ED28, the SS group treatments had hatched out completely (ED28 = D0) and all ducklings from the six hatch baskets per treatment were randomly distributed to one of four treatments; SS-Control, SS-LPS, SH-LPS, and HH-LPS. Ducklings in the SS-Control treatment did not get an LPS injection, while those in the LPS treatments were given 500 μg/kg BW Salmonella Enteritidis LPS (Sigma Chemicals, St Louis, MO) via intra-peritoneal injection at day of hatch. Ducklings from each treatment combination were randomly distributed among six battery cages with four ducklings per replication. The ducklings were housed in environmentally controlled rooms (85
• F) and had ad libitum access to water and a duck starter diet supplied by Maple Leaf Farms. The thymus, spleen and bursa were collected at D1, D3, and D5 post-LPS injection, which corresponded to D2, D4, and D6 post-hatch respectively.
RNA Isolation and Quantitative Real-Time PCR
Approximately 25 mg of tissue collected from the thymus, spleen, and bursa of ducklings from each treatment was homogenized (Tissue Master 125, Omni International, GA). Total RNA was isolated using TRI Reagent (Molecular Research Center, Cincinnati, OH) following the manufacturer's instructions. Optical density at 260 nm was used to determine RNA concentrations. The quality of RNA was checked in a denaturing agarose gel to identify the 28S and 18S rRNA bands (Figure 1 ). The RNA was reverse transcribed into cDNA by a thermal cycler (iCycler, BioRad, Hercules, CA). A 2 μg sample of RNA was converted into cDNA in a 20 μl reaction volume containing (50 mM , 75 mM KCl, 3 mM MgCl 2 , 10 mM DTT), 0.5 mM dNTPs, 0.5 μg of oligo (dT) 15 primer, 8 units of RNAsin, and 100 units of M-MLV reverse transcriptase (all from Promega, Madison, WI) at 40
• C for 1 h and then 95
• C for 10 min. Quantitative real-time PCR analysis (iCycler, BioRad, Hercules, CA) of HSP70, major histocompatibility complex (MHC) I and MHCII expression, IL-6, IFNγ and IL-10 were conducted using SYBR Green after normalization with GAPDH to adjust for sample to sample and run to run variation. Primer sequences were designed from the duck genome (Huang et al., 2013) using the Primer3 algorithm (http://bioinfo.ut.ee/primer3-0.4.0/; Table 1 ). To confirm amplification of the desired PCR reaction, products from each gene were visualized by gel electrophoresis on 1% agarose stained with ethidium bromide to ensure a single product was produced at the predicted size. Single band PCR products for each gene were excised, the DNA was purified with the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA), sequenced (Molecular and Cellular Imaging Center, OARDC, Wooster, OH), and blasted against Anas domesticus genome using the BLAST algorithm of NCBI (blast.ncbi.nlm.nih.gov/Blast.cgi). All amplicons had 97% to 99% homology to their respective gene or EST sequence (Standard nucleotide-nucleotide BLAST, NCBI). Samples were analyzed in duplicate in 96 well plates. Each well contained a reaction mixture containing 2μl cDNA (600 ng/μl), 10 μl SYBR green PCR master mix (BioRad, Hercules, CA), 0.5 μl forward primer (5 μM), 0.5 μl reverse primer (5 μM), and 9 μl RNAse-free water using IQ5 Cycler (iCycler, BioRad, Hercules, CA). The following settings were used to perform real-time PCR for all genes: an initial denaturation of 95
• C for three minutes (1 cycle), followed by 95
• C for 15 s and 60
• C for 45 s (40 cycles). The melting profile of each sample was analyzed after every PCR run to confirm PCR product specificity for each run. The melting profile was determined by heating samples at 65
• C for 30 s and then increasing the temperature at a linear rate of 10
• C/s to 95
• C while continuously monitoring fluorescence. PCR amplification efficiencies were determined by drawing a standard curve of 1:1, 1:10, 1:100, and 1:1000 dilution of cDNA for all the primers analyzed ( Figure 1 ). In addition, sample PCR amplification efficiencies were determined in the log-linear phase with the LinRegPCR program (Ramakers et al., 2003) . All data were normalized to the mRNA level of the reference or control SS treatment and reported as the fold-change difference from the reference treatment. The fold-change from the reference was calculated as E S (40-Ct Sample) /E R (40-Ct Reference) , where E S and E R are the sample and reference PCR amplification efficiencies, respectively (Humphrey et al., 2004) .
Selection of GAPDH as Housekeeping Gene
In the current study, cDNA from Pekin duck samples were analyzed for five housekeeping genes as follows: glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-actin, ribosomal protein S13 (RPS13), ubiquitin, and succinate dehydrogenase using primers designed from the duck genome (Table 1) . The stability of this set of candidate housekeeping genes was analyzed using the NormFinder algorithm (Department of Molecular Medicine, Aarhus University Hospital, Denmark) as described by Andersen et al. (2004) and GAPDH resulted in the best (lowest) stability and was selected as the reference or housekeeping gene. 
Macrophage Nitrite Production Post-LPS Challenge
At 1, 3 and 5 d post-LPS challenge, macrophages were collected from the spleen of one duckling in each of the six replicate battery cages per treatment (n = 6) as described previously (Lillehoj and Li, 2004) . Briefly, a single cell suspension from the spleen was enriched for monocytes by density centrifugation over Histopaque (1.077 g/ml, Sigma Aldrich, St. Louis, MO) for 15 min at 400 × g. The splenocytes were cultured (1 × 10 5 cells per well) in 96-well plates in 200 μl of RPMI-1640 medium containing 5% chicken serum, 5% fetal bovine serum, and 1% penicillin plus streptomycin supplemented with 1 μg/ml LPS in a 5% CO 2 incubator at 37
• C for 48 h. At 48 h of culture, the plates were centrifuged at 750 × g for 10 min, and the supernatant was removed. The nitrite content of the supernatant was determined using a sulfanilamide / N-(1-Naphthyl) ethylenediamine dihydrochloride solution (#R2233500, Ricca Chemical Company, Arlington, TX) following the manufacturer's instructions. A standard curve with 0, 7.825, 15.625, 31.25, 62.5, 125, 250 , and 500 μmol/L sodium nitrite was drawn using Gen5 software (Epoch plate reader, BioTek,VT) in the same plate as the samples. 
• C 3 -CTCCAGCTCTATCACGGCAG 1 Primer 3 input (Version 4) was used to design primers for heat shock protein 70 (HSP70), IL-10, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-actin, ribosomal protein S13 (RPS13), Ubiquitin (Ubi), and succinate dehydrogenase (SDH) using duck genomic sequence using duck genomic sequences. Primers for MHCI and II, and IFNγ were adapted from (Maughan et al., 2013) . Primers for IL-6 were adapted from (Kang et al., 2015) .
CD4
+ , CD8 + Post-LPS Challenge At D1, D3, and D5 post-LPS challenge, the thymus, spleen, and bursa were collected from one bird in each of the six replicate battery cages per treatment (n = 6). Single cell suspensions from the thymus, spleen, and bursa were enriched for lymphocytes by density gradient centrifugation over Histopaque (1.077 g/ml, Sigma Aldrich, St. Louis, MO) for 15 min at 400 × g. The live cells from the thymus, spleen, and bursa were counted under a microscope using a hemocytometer after staining with trypan blue to identify dead cells. A primary mouse monoclonal anti-duck CD4 + antibody (Bio-Rad, Hercules, CA) was labeled with FITC (Fluorescein isothiocyanate) using a LightningLink Fluorescein Antibody Labeling Kit (Novus Biologicals, Littleton, CO) and a primary mouse anti-duck CD8 + antibody (Bio-Rad, Hercules, CA) labeled with PE (Phycoerythrin) using a LightningLink R-PE Antibody Labeling Kit (Novus Biologicals, Littleton, CO) following the manufacture's instruction. The cells (1 × 10 6 ) were blocked with a 1:250 dilution of unlabeled mouse IgG for 30 min followed by incubation with 1:200 of a primary FITC-conjugated mouse anti-duck CD4 + and 1:200 dilution of primary PE-conjugated mouse anti-duck CD8 + for 15 min. The unbound antibodies were removed by centrifugation at 400 × g for 5 min. The cells were washed with ice-cold wash buffer (PBS, pH 7.4 with 0.5% bovine serum albumin and 2 mM EDTA). The percentage of CD4 + and CD8 + cells was analyzed in the thymus, spleen, and bursa by flow cytometry (Guava Easycyte, Millipore).
Thymus Lymphocyte Proliferation Efficiency Post-LPS Challenge
At 1, 3, and 5d post-LPS challenge, the proliferation efficiency of thymocytes from one duckling in each of the six replicate battery cages per treatment (n = 6) was measured using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) colorimetric assay as described previously (Kondo et al., 2003) . Thymus lymphocytes were collected by density centrifugation as described above. Live cells were counted by trypan blue exclusion. Thymocytes (50 × 10 4 cells) were cultured in 200 μl of media supplemented with 1 μg/ml concanavalin A (ConA; Calbiochem, Burlington, MA) in 96-well round bottom plates for 72 h in a 5% CO 2 incubator at 37
• C. At 72 h of cell culture, 20 μl of 5 mg/ml MTT (Sigma Aldrich, St.Louis, MO) solution was added to the cell culture and incubated for an additional 4 h. The supernatant was removed after centrifugation. The cells were suspended in 200 μl of isopropanol plus 10% dimethyl sulfoxide and 0.04 N HCl and subsequently allowed to stand for 1 h at room temperature. The concentration of MTT formazan formed in the 96-well plates was measured on an ELISA microplate reader at 570 nm and reported as the mean optical density.
Statistical Analysis
The experimental unit differed according to the parameter that was measured. For EST, it was each tray, and for duckling hatch weight, it was individual ducklings from each treatment and for organ studies it was each pen of ducklings. A one-way ANOVA (JMP, SAS Institute, Cary, NC) was used to determine the differ- • C) between embryonic day (ED) 1 to 10. At ED11, half the eggs incubated at 37.5
• C continued to be incubated at 37.5
• C (SS) initially or switched to the high temperature of 38.0
• C (SH). Eggs incubated at 38.0
• C continued to be incubated at 38.0
• C between ED11-25 (HH). EST was measured at ED 10 and 18. LS means ± SEM. Means with no common superscripts differ significantly (P ≤ 0.05). n = 6. ence between effect of incubation temperature on immune organs and the effect of LPS injection on the HSP70, pro-inflammatory, and anti-inflammatory cytokine mRNA content in the different immune organs (JMP, SAS Institute, Cary, NC). Values reported are least squares (LS) means ± SEM. Significance was established at P ≤ 0.05 and Tukey's test was used to separate the means.
RESULTS

Embryonic Thermal Manipulation and Mean Egg Shell Temperature
At ED10, the mean shell temperature (EST) of eggs incubated at 38
• C was 0.6 • C higher than the EST of eggs set at 37.5
• C (P ≤ 0.01; Table 2 ). At ED18, the EST in the HH and SH treatments were 0.4
• C and 0.5 • C higher than the SS eggs, respectively (P ≤ 0.05). The hatchability percentages for the SS, SH, and HH treatments were 92.2%, 78.9%, and 71.8%, respectively.
Embryonic Thermal Manipulation and Body Weight Post-LPS Injection
Embryos in the HH treatment from ED 1 to 25 had significantly decreased BW when compared with those embryos in the SS and SH treatments at D0 (P ≤ 0.01; Figure 1A ). At both D1 and D5, the LPS injection decreased the BW of ducklings in the SS-LPS treatment compared with the SS-Control (P ≤ 0.05; Figure 2B ). Within the LPS-injected treatments on D1 and D5, ducklings in the SH-LPS treatment had 8% and 12% higher BW compared with those in the SS-LPS treatment (P ≤ 0.05). At both D1 and D5, ducklings in the HH-LPS treatment had the lowest BW among all treatments (P ≤ 0.05). Effect of embryonic thermal manipulation on spleen HSP 70 mRNA abundance post-LPS injection. At D1, 3, and 5 post-LPS injection, spleen was collected and analyzed for HSP70 mRNA by realtime PCR analysis. The mRNA content was corrected for GAPDH housekeeping mRNA content and normalized to the mRNA content of the SS-control group, so all bars represent fold change compared to that group. LS means ± SEM. Means with no common superscripts differ significantly (P ≤ 0.05; n = 6).
Embryonic Thermal Manipulation Effect on Spleen and Bursa HSP 70 mRNA level Post-LPS Injection
Among those treatments in which ducklings were injected with LPS, splenic HSP70 mRNA was 0.8 and 4.9 fold lower in the SH-LPS treatment and 0.6 and 4.9 fold lower in the HH-LPS treatment when compared with the SS-LPS treatment at D1 and D3 post-LPS injection, respectively (P ≤ 0.05; Figure 3) . Similar results were Figure 4 . Effect of embryonic thermal manipulation on bursa HSP 70 mRNA abundance post-LPS injection. At D1, 3, and 5 post-LPS injection, bursa was collected and analyzed for HSP70 mRNA by realtime PCR analysis. The mRNA content was corrected for GAPDH housekeeping mRNA content and normalized to the mRNA content of the SS-control group, so all bars represent fold change compared to that group. LS means ± SEM. Means with no common superscripts differ significantly (P ≤ 0.05; n = 6).
observed for bursal HSP70 transcription (Figure 4) . At D1 and D3 post-LPS injection, those ducklings in the SH-LPS and HH-LPS treatment had 5.8 and 2.7 fold lower bursal HSP70 mRNA amounts compared with the SS-LPS treatment, respectively (P ≤ 0.05).
Embryonic Thermal Manipulation and Splenic Mononuclear Cell Nitric Oxide Production Post-LPS Injection
At all sampling time points, the SH-LPS and HH-LPS treatments significantly reduced macrophage nitric oxide (NO) production compared with the SS-Control and SS-LPS treatments (P ≤ 0.05; Figure 5 ). At D1, D3, and D5 post-LPS injection, the magnitude of the reduction in NO production ranged from 60% to 65% for the SH-LPS treatment and 32% to 56% for the ducklings in the HH-LPS treatment. • C) or High (H; 38.0 • C) temperature from embryonic day (ED) 1 to 10. LS means ± SEM with no common superscripts differ significantly (P ≤ 0.05; n = 6).
Embryonic Thermal Manipulation and Thymocyte Proliferation Efficiency Post-LPS Injection
The treatment effects on thymocyte proliferation were opposite to what was observed for NO production. The SS-LPS injection resulted in a significant reduction in thymocyte proliferation at D1 compared with the non-injected SS-Control and both were significantly lower than the SH-LPS and HH-LPS treatments (P ≤ 0.05; Figure 6 ). The SH-LPS treatment resulted in a significant positive response at all three sample time points.
Embryonic Thermal Manipulation Effect on Splenic and Bursal IFNγ , IL-6, IL-10, MHC I and II mRNA Abundance Post-LPS Injection
Spleen: At D1, LPS injection increased IFNγ mRNA amounts 6.9 fold and IL-6 mRNA amounts 6.2 fold in ducklings in the SS-LPS treatment compared to the SS-Control (P ≤ 0.05; Table 3 ). At D1, the HH-LPS treatment resulted in an even greater, 12.8-fold increase in IFNγ mRNA and 11.2-fold increase in IL-6 mRNA, while the SH-LPS ducklings had statistically similar IFNγ mRNA and IL-6 mRNA amounts when compared with the SS-Control treatment (P ≤ 0.05). At D1, the SH-LPS and HH-LPS treatments resulted in 4-and 16.6 fold increases in IL-10 mRNA compared with the SSControl and SS-LPS treatments (P ≤ 0.05). At D3, the SS-LPS treatment alone increased splenic MHCI mRNA amounts 3.8 fold compared to all other treatments (P ≤ 0.05). At D5, all treatment groups had comparable MHCI mRNA amounts (P ≥ 0.05). At D1 and D3, the HH-LPS treatment had 3.3 and 2.7 fold higher MHC II mRNA amounts compared with the SS-Control and SH-LPS treatments while the SS-LPS treatment was intermediate between the HH-LPS and other two treatments (P ≤ 0.05). Table 3 . Effects of embryonic TM on spleen IFNγ, IL-6, IL-10, MHC I, and II mRNA abundance post-LPS injection. At D1, 3, and 5 post-LPS injection, spleen was collected and analyzed for mRNA by real-time PCR analysis. The mRNA content was corrected for GAPDH housekeeping mRNA content and normalized to the mRNA content of the SS-control group, so all values represent fold change compared to that group. LS means ± SEM. Means with no common superscripts differ significantly (P ≤ 0.05). n = 6. At D1, 3, and 5 post-LPS injection, bursa was collected and analyzed for mRNA by real-time PCR analysis. The mRNA content was corrected for GAPDH housekeeping mRNA content and normalized to the mRNA content of the SS-control group, so all values represent fold change compared to that group. LS means ± SEM. Means with no common superscripts differ significantly (P ≤ 0.05). n = 6.
Bursa
At D1 post-LPS injection, the HH-LPS treatment increased bursal IFNγ mRNA amounts 4 fold compared with the other treatments (P ≤ 0.05) and there were similar treatment effects on IL-10 mRNA (P ≤ 0.05; Table 4 ). On D3 and D5, however, IFNγ and IL-6 mRNA amounts in the HH-LPS treatment were + ratio by flow cytometry after staining with fluorescent-linked anti-duck CD4 + and CD8 + antibodies. LS means ± SEM. Means without common superscripts differ significantly (P ≤ 0.05; n = 6).
comparable to the SS-Control (P ≥ 0.05). On D3, ducklings in the SH-LPS and HH-LPS treatments had 5.2 and 4.4 fold increases in IL-10 mRNA amounts compared to the SS-Control and SS-LPS treatments (P ≤ 0.05). The HH-LPS treatment resulted in a 4.6 fold increase in bursal MHC I mRNA compared with the SSControl treatment at D3, and the other two treatments were intermediate between these two treatments (P ≤ 0.05). There were no treatment effects on bursa MHC II mRNA amounts at any of the time points (P ≥ 0.05).
Embryonic Thermal Manipulation and CD8
+ /CD4
+ Ratios in Immune Organs
At D1, all three LPS treatments had reduced thymic CD8 + /CD4 + ratios compared with the SS-Control (P ≤ 0.05; Table 5 ). The same was true for the ratio in the spleen and percentage CD8 + cells in the bursa (P ≤ 0.05). Ducklings in the HH-LPS treatment had an increased splenic CD8 + /CD4 + ratio compared to the SS-LPS treatment at D3 (P ≤ 0.05). Ducklings in the SS-LPS treatment had a lower bursa CD8 + /CD4 + ratio compared to the SS-Control treatment at D1 and D5. The HH-LPS treatment resulted in the lowest splenic CD8 + /CD4 + ratio and percentage bursal CD8+ cells at D5 post-LPS injection.
DISCUSSION
The aims of this study were to identify the effects of incubation temperature treatments on BW and the immune response of Pekin ducklings to an LPS challenge on the day of hatch. A slight increase in incubation temperature (0.5
• C) increased the EST by approximately 0.5
• C at ED10 and this continued through ED25 of incubation. EST is an accepted measure of incubation temperature effects when studying embryonic development (Lourens et al., 2001) . Unintended increases in incubation temperature may also result from differences in de novo embryonic heat production (Meijerhof, 2002) .
The EST of eggs incubated at 38.0 • C from ED1 to ED25 was 0.5
• C higher than control eggs (37.5
• C), but this was sufficient to decrease hatchability (71.8%), similar to what was observed in chickens (Romanoff and Romanoff, 1949) and turkeys (French, 1994a) incubated at higher than normal temperatures.
The length of the hatching period or "hatch window" is the time period between the first and last hatched chicks within the same incubation environment (Romanini et al., 2013 ). An increase in incubation temperature has been reported to accelerate embryonic development in chicken, turkey, and wood duck embryos and decrease the length of the incubation period (Romanoff, 1935; Michels et al., 1974; French, 1994b; Shim and Pesti, 2011) . Careghi et al. (2005) reported a 24 to 48 h spread in the hatch window for broiler embryos incubated at 38.8
• C compared to those incubated at 37.5
• C. In the current study, the hatch window for the Pekin duck embryos incubated at 38
• C was from ED25 to ED26, while the control embryos incubated at 37.5
• C it increased to ED28 to ED29. An earlier hatch time and some degree of dehydration may have contributed to the decrease in BW at hatch and post-hatch in the HH treatment, similar to what was described in chicks (Noy and Sklan, 1997) .
The results of the current study suggest that an increase in incubation temperature from ED 11 to ED25 alone could have a positive, moderating effect on duckling BW at the time of hatch. Ducklings from the HH group had significantly lower body weight across all the treatment groups. As mentioned above, in addition to incubation temperature effect, one factor contributing to decreased BW in the HH treatment was the potential for dehydration associated with a prolonged holding period in the hatcher. Ducklings in both the HH-LPS and SS-LPS treatments had decreased BW compared to the SH-LPS treatment. An LPS challenge can induce an inflammatory response in broiler chicks as evidenced by an increase in cloacal temperature, feed avoidance, and BW loss (Xie et al., 2000) . Klasing et al. (1987) observed a 5.7 g/day reduction in BW in LPSchallenged chicks when compared with chicks in a pairfed control treatment. This reduction is partially the result of the caloric cost of maintaining a fever and the synthesis of immune proteins. Nitric oxide (NO) plays a role in thermogenesis in duck embryos (Dunai and Tzschentke, 2012 ). In the current study, NO production from macrophages isolated from those ducklings in the HH-LPS treatment was reduced compared to the SS-Con treatment even though the HH-LPS treatment had 12.8 fold higher IFN-γ. IFN-γ can induce NO production in macrophages (Nathan, 1992) , and the absence of an increase in NO production in the HH-LPS treatment (increased splenic IFN-γ and IL-10) suggests the HH-LPS treatment may have induced epigenetic macrophage modification and the additional in vitro LPS challenge to macrophages significantly decreased the NO production when compared with the SS-LPS treatment.
In real-time PCR analysis, the transcription of the gene(s) of interest is normalized to a housekeeping gene(s) to correct for experimental variation, differences in the quantity of starting material, and sample loading (Chapman and Waldenstrom, 2015) . The identification of housekeeping genes that exhibits stable expression across all treatments for a given experiment is an important component of real-time PCR data generation (Kozera and Rapacz, 2013) . The NormFinder algorithm is one tool that estimates the variation in one or more housekeeping genes across treatments and allows for the selection of those housekeeping genes with the best stability constants (Andersen et al., 2004) . In a report by Chapman et al. (2016) , the authors cited 30 publications in which Mallard or Pekin ducks were given some form of pathogen challenge. Of these 30 citations, 17 used GAPDH as the primary housekeeping gene and only two of the 30 papers addressed validation for whichever housekeeping gene they used. With respect to the spleen, GAPDH was among the four most stable housekeeping genes tested, Chapman et al. (2016) reported that splenic GAPDH was among the most stable of the three or four housekeeping genes predicted by GeNorm and NormFinder, respectively. In the current study, GAPDH alone had the lowest stability value (0.082) compared to the combination of two housekeeping gene GAPDH and RPS13 (0.087) as determined by NormFinder and was chosen as the housekeeping gene. In other studies, with poultry using a coccidiosis infection model and the Q-gene stability predictor algorithm, GAPDH was also shown to have stable expression (Muller et al., 2002) .
In both the spleen and bursa, HSP70 mRNA was decreased in both the SH-LPS and HH-LPS-challenged ducklings when compared with the SS-LPS treatment. When HSP70 is induced by a primary stress, it primes the cell to block its own transcription during a subsequent secondary stress through a negative feedback mechanism (Theodorakis et al., 1999) . In addition to decreased HSP70 transcription, HSP70 mRNA was reported to be less stable in thermotolerant versus naive human hepatoblastoma cells (Theodorakis et al., 1999) . The half-life of HSP70 mRNA in the naive cells at 37
• C was approximately 1 h compared with 0.5 to 0.6 h in the thermotolerant cells. If the hypothesis is true, that TM can induce "protective" HSP70 transcription, ducklings in the HH-LPS and SH-LPS treatments could be expected to have some degree of thermotolerance. This would potentially be followed by an acceleration in the subsequent degradation of HSP70 mRNA and decline in HSP70 mRNA levels. Quantifying HSP70 protein in the serum could provide insight relative to the decreased expression of HSP70.
Lymphocyte proliferation is an important component of lymphocyte function and Con-A and LPS are known to stimulate the proliferation of splenic T and B cells, respectively (Silberman et al., 2002) . In the present study, Con-A-induced lymphocyte proliferation was increased in the SH-LPS and HH-LPS treatments when compared to the SS-LPS treatment. Similar results were reported in splenic lymphocytes isolated from heat-stressed broiler chickens (Han et al., 2010) . Similarly, Satoh et al. (2006) reported that exposure of mice to stress induced by "acute restraint" increased mitogen-stimulated T-cell proliferation. In pigs, Zhang and Zhao (2009) reported an increase in proliferation of T and B lymphocytes after transportation stress with a peak reached at approximately 1 h. Heat stress activates the hypothalamic-pituitary-adrenal axis and elevates plasma corticosterone that suppresses the immune response (Geraert et al., 1996; Lara and Rostagno, 2013 ). An inflammatory stimuli on the other hand can also stimulate an immune response (Xie et al., 2000) . Thus, we conclude that the increase in thymocyte proliferation in heat-stressed ducklings followed by a secondary inflammatory stimulus is a compensatory mechanism to counter the suppressed immune response to the heat stress.
In the current study, ducklings in both the SH-LPS and HH-LPS treatments had increased IL-10 mRNA amounts in the spleen and bursa. The immune system responds to LPS with an increased production of proinflammatory cytokines that subsequently recruit and activate immune cells to eliminate invading pathogens (Shahin et al., 1987) . Although these cytokines are indispensable for the efficient control of the pathogen, excessive production of pro-inflammatory cytokines can be detrimental to the host leading to a systemic inflammatory response (Galanos and Freudenberg, 1993; Cross et al., 1995) . In the current experiment, the ducklings from the SH-LPS treatment had decreased NO production as well as decreased IFNγ mRNA amounts compared to SS-LPS groups. The observed increase in IL-10 mRNA exclusively secreted by the Th2 T cells in this treatment could thus be a compensatory mechanism to counteract the increased pro-inflammatory cytokine production in the SH-LPS treatments. This increased IL-10 might be involved in proliferation and differentiation of CD8 + cytotoxic t cells. Inflammation is one component of the immune defense and repair system. Immune activation normally encompasses changes in immune cell markers and soluble factors associated with inflammation. The CD8 + :CD4 + ratio is considered a marker for both immune-suppression and immune activation (Shao et al 2017) . Inflammation may also lead to increases in select biomarkers such as interferon alpha (IFN-γ) and TNF-α (Wallach et al., 2014) . At D5 post LPS injection, ducklings from the HH-LPS treatment had an increased splenic CD8 + : CD4 + ratio compared with the SS-LPS treatment. These data suggest that activation of cytotoxic CD8 + T cells occurred in the peripheral lymphoid organs, which was associated with an increase in splenic expression of MHCI. Similar results were observed by Han et al. (2010) who reported that broiler chicks undergoing acute stress had a higher splenic CD8 + :CD4 + ratio, which they suggested promoted the immunocompetence. In the current study, however, bursal cells collected from ducklings in all the treatment groups were entirely negative for CD4 + cells. In addition, the HH-LPS treatment resulted in a lower bursal CD8 + percentage at D5 post-LPS injection across all treatment groups suggesting that a high incubation temperature from ED 1 to 25 had a repressive effect on bursal development leading to a decrease in bursal CD8 + cells that may eventually weaken the overall immune response to an LPS challenge post-hatch.
Overall, our results suggest that birds in the HH-LPS treatment had compromised immune-competence represented by decreased NO production and reduced thymocyte proliferation. This could potentially make them more susceptible to a pathogen challenge post-hatch, while those ducklings in the SH-LPS group had increased BW and thymocyte proliferation together with a decrease in IL-6 mRNA amounts. This suggests that increasing the temperature of incubation during the later stage of incubation can be beneficial by priming the immune system embryologically, and this stress induced immune response increased resistance to posthatch infectious stressors. Prolonged heat stress in the form of TM throughout the embryonic period when combined with delayed access to feed and water due to accelerated embryonic development could have potentially negative effects immediately post-hatch resulting in a dysregulation of the immune response. Furthermore, the results of this study suggest that embryos exposed to TM and subsequently challenged with a secondary stressor in the form of an acute inflammatory stress post hatch have decreased HSP70 mRNA. This could have evolved as a mechanism to protect cells from potential negative effects of long term expression of HSP70.
